A roller chain is a typical machine element used in bicycles, motorcycles and many other devices for power transmission. The life of a roller chain is determined by elongation. As a rule of thumb, a chain begins to skip cogs on the sprocket wheel when the percentage of elongation reaches approximately 3%. Mechanical wear between pins and bushes causes elongation of the roller chain. However, research on the evaluation of wear of the roller chain is rare and the achievement is unstated. We describe the following initiatives in the study of wear between pins and bushes of a roller chain: (1) development of a wear tester using only two chain links, (2) establishment of a specific evaluation method using a roundness tester, and (3) causal explanation of non-uniform wear using the finite-element method (FEM). The experimental results show that pins and bushes are not in contact at the centerline, and that wear occurs exclusively at the tips of the pins owing to the bending deformation under the condition of tensile load.
Introduction
A roller chain is known to be a mechanical element for drive-train or parts-conveyance systems. Basically, its mechanism involves engagement between a chain and a sprocket wheel. Compared with that of belts, the capacity of transmission of a roller chain is large and the efficiency is high owing to the absence of slip. However, because transmission is performed in a mesh, vibration and noise increase at a high rate (1) . In the case of a metal chain for long-distance transmission, the chain increases in weight. Although a large driving force is required to rotate the chain and sprocket wheels, silent chains have recently been developed (2) . Such a silent chain is applied in the valve lifter inside a car engine.
The roller chain is one of the transmission mechanism elements with distinctly high reliability. The life span of the roller chain depends on its elongation. The two axes related to the roller chain are basically fixed. If there is no intermediate sprocket wheel for tension control, idle running will occur when the roller chain increases in length.
Generally speaking, idle running occurs at 3% elongation, and this is regarded as the end of roller chain life. In a motorcycle race, good operational performance and high responsiveness is fundamental to the rider's feel of driving. Therefore, the evaluation of life span is strict compared with general applications.
The reasons for elongation of the roller chain are deformation caused by tension load and wear between pins and bushes. A roller chain comprises a number of links (pins and bushes). Then, even if the volume of wear between one pin and one bush is small, the total volume of wear between multiple pins and bushes becomes high. It then manifests as elongation of the roller chain and idle running. Although the increasing elongation in running arises from the wear between pins and bushes, the authors could not find the research studies on the wear between pins and bushes of roller chains.
Therefore, in this paper, we describe the wear between pins and bushes of a roller chain from the following viewpoints.
(1) Development of wear tester using only two links (2) Establishment of evaluation method of wear using roundness tester (3) Elucidation of cause of maldistribution of wear by finite-element method (FEM) Figure 2 shows a common busy condition of a roller chain. The distance between the drive shaft and the driven shaft is fixed. Focusing attention on one pin and one bush of the roller chain, curvature movement caused by loading a tension begins at bending points 1 and 2 on the upper side. Bending point 1 is where the pin and the bush enter into the drive sprocket wheel, and bending point 2 is where the pin and the bush draw out of the driven sprocket wheel. Moreover, it is thought that wear does not occur when the pin and the bush do not move relative to each other. The angle of curvature is the angle θ between the adjacent cogs of the sprocket wheel (3) . The period of curvature movement depends on the rotation speed of the drive shaft, the distance between the shaft axes and the diameter of the sprocket wheel.
Conformation of wear between pin and bush in roller chain
As mentioned above, a pin and a bush undergo curvature movement, in other words, oscillating movement twice per round. The time of relative motion is short and the speed is not high. Thus, if the grease is present between the pin and the bush, the formation of a thick elastohydrodynamic lubrication film (EHL oil film) cannot be expected (4) .
Furthermore, in the oscillating movement, the relative speed becomes zero when relative motion begins. Then, the EHL oil film is not formed in the partial space between the pin and the bush, and the motion will start from the condition of solid contact. Considering those aspects, it can be inforced that the conformation of wear between a pin and a bush in a roller chain is not fluid lubrication without surface contact, but boundary lubrication with solid contact. 
Development of wear tester using only two links
General testing equipment is shown in Fig.3 . Usually, the roller chain consists of 80 to 100 links and is folded around two sprocket wheels. Then, it is rotated around the wheels by loading a torque (tension). The roller chain is rotated with a prearranged tension load and rotating speed as a function of the size of the roller chain. As a result, the elongation is measured by comparing the overall lengths before and after elongation (5) .
Elongation can be measured as described above. However, the wear condition between pins and bushes and maldistribution of wear cannot be seen directly. Therefore, the general testing equipment is applicable for investigating the limit of high-speed operation and endurance, but is unfavorable for studying wear between pins and bushes. As mentioned in the previous chapter, a pin and a bush undergo curvature movement twice per round. Then, it is not necessary to use a roller chain as the test specimen, if two links can undergo curvature movement (oscillating motion) continuously. Therefore, the authors have developed a wear tester using only two links, as shown in Fig.4 .
Only two links are used as the test specimen, and tension is loaded by the restoring force of a spring. Then, the joint of the links is pushed by a rod. The rod moves up and down driven by an eccentric cam rotated by a motor. The tension applied to the links depends on the deflection of the spring. The angle of curvature depends on the eccentricity of the eccentric cam. Moreover, the speed of curvature movement depends on the rotation speed of the motor.
An enlarged picture of the test specimen (two links) is shown in Fig.5 .Tension is loaded from the left side and a horizontal displacement occurs in association with the up and down motions of the pin and the bush. The tension-loading axis is also affected by a bending stress originating from the up and down motion. Consequently, horizontal movement and bending stress can be supported by using a needle guide with four restricted surfaces.
The wear tester developed is downsized compared with the ordinary testing equipment. Furthermore, confirmation of wear owing to material selection, lubricant selection and design modification is easy, because the experiment can be performed with only a two-link mechanism. 
Evaluation of wear between pin and bush

Experimental condition
The volume of wear was evaluated by the experiment on wear between the pin and bush using the wear tester, as shown in Figs. 4 and 5. Table 1 lists the experimental conditions. The frequency of 5Hz for curvature movement is equivalent to the speed of 50km/h in a motorcycle, and the endurance times of 317min and 1268min are equivalent to the travel distances of, respectively, 250km and 1000km.
Four kinds of grease for the roller chain were used as the lubricant between pins and bushes. The grease for the roller chain becomes a liquid in high temperature and then sinks into the worn part. Therefore, a certain type of wax is applied instead of the agent for increasing consistency (6) . The physical characteristics of four types of grease are shown in Figure 6 shows a photograph of a pin after the experiment conducted under the conditions in Table 1 . The worn part can be seen near the two ends. Wear of pin is not uniform, but unevenly (locally) distributed. Therefore, it is difficult to judge whether measuring the mass difference between before and after the experiment describes the reality. In this research, the authors evaluate the volume of wear (depth of wear) at the worn area from the shape distortion using a roundness tester. On the contrary, the pin is solid, and plastic deformation cannot be seen. Therefore, the worn area emerges as a change in the roundness profile.
Evaluation method for volume of wear
Result of evaluation of wear in pin
The volume of wear is evaluated from the change in the roundness profile, as described in the previous section, 4.2. In a bush, as mentioned above, wear is indistinguishable from deformation, because plastic deformation occurs in the bush. However, in a pin, the wear on the contact side can be quantified, because there is no deformation on the noncontact side. Consequently, the authors draw attention to the wear of the pin. As shown in Fig.6 , the pin contacts the bush at two areas. The maximum depth at each area is measured and the average of the two values is taken to be the representative value. concerning endurance time Figure 9 shows the mean depth of wear of three repeated experiments with endurance time of 317min for the tension loads of 1000N and 2000N. The lower the base oil viscosity is, the larger the volume of wear becomes. When the base oil viscosity becomes low, the oil film becomes thinner. As a result, the metal-metal contact area increases between the pin and the bush. Moreover, when the tension load becomes larger, the volume of wear increases. Figure 10 shows the mean depth of wear under the conditions of 1000N tension load for the endurance times of 317min and 1268min. When the endurance time becomes longer, the volume of wear gets larger. The volume of wear from 317min to 1268min is smaller than that at 317min. The initial volume of wear is large (severe wear), and after that, it decreases gradually (mild wear). The results in Figs.9 and 10 show a typical tendency for wear in the case of boundary lubrication.
For grease No.4, the base oil viscosity of which is small, the mean depth of wear in the pin transcends 60µm under the experimental conditions of 2000N and 317min. Considering that the mean depth of wear in a bush is little less than that of a pin, it represents a total wear of 0.12mm. Therefore, this value of wear causes elongation of the links. For a roller chain of JIS #50, the distance (pitch) between pressed pins in link plate is 15.875mm. The elongation of 0.12mm in this pitch of 15.875mm corresponds to about 0.75%, and it stands for a large elongation over a short amount of time.
For grease No.1, the base oil viscosity of which is high, the mean depth of wear is approximately half that in the case of grease No.4. Consequently, the elongation of the roller chain depends heavily on the physical characteristics of grease. Thus, we can recognize anew that it is important to increase the base oil viscosity of grease to decrease the wear in the case of boundary lubrication.
As described above, it was clarified that the measurement of the surface profile enables us to evaluate quantitatively the volume (depth) of wear as an important value related to elongation.
Analysis of maldistribution of worn area
Wear between the pin and the bush was uneven, as shown in Fig.6 , and it occurred at the areas near the two ends (link plates). It is considered that the phenomenon is attributable to the structure of the roller chain, in which tension is loaded upon contact with the link plates. Figure 11 shows a horizontal cross-sectional view of the two links, and the pin and the bush are pulled by the outer and inner link plates, respectively. The pin is jogged owing to the tension load at the two ends. Then, contact between the pin and the bush occurs near the two ends, as shown in Fig.12 , and the central part has a clearance with noncontact. Figure 13 shows the contact pressure of the pin obtained by the finite-element method (FEM) analysis. The contact pressure is relatively high alongside the two ends sides and is nearly zero at the central part, which means there is no contact between the pin and the bush. If the contact covers the entire area of the pin surface, the contact pressure can be lowered and the volume of wear will be reduced.
A number of specimens exhibit maldistribution of the worn area. In other words, the depths of wear at the two ends are not the same. The depth of wear of at one end is greater. If the pressed pin is not perpendicular to the link plate, the maldistribution will occur, as shown in Fig.15 . Figure 16 shows a result for the case in which the pin was tilted 1 degree from the perpendicular axis against the link plate. Differences in the contact pressure and contact area can be seen, and this is in agreement with the conformation of wear in Fig.14 .
Thus, utmost attention is required when the pins are pressed to the link plate, in order to prevent the maldistribution of wear. 
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Conclusions
This research deals with the development of a wear tester for only two links of a roller chain, and experiments on wear between the pin and the bush were performed, changing the grease lubricant. Then, an evaluation method for wear related to elongation of the roller chain was established. Furthermore, the contact situation between the pin and the bush was analyzed, and the contact pressure and area were found to correspond to the actual conformation of wear. The main conclusions are as follows.
(1) A wear tester for a roller chain, which has a curvature movement mechanism for only two links, was developed. It was confirmed that the experiment can be performed effectively. (2) The wear between the pin and the bush decreases when the base oil viscosity of grease increases. Moreover, it was observed from the relationship between endurance time and volume of wear, that the volume of wear is large in the initial stage but decreases with time. (3) It was clarified that the experimental results for wear near the two ends of the pin can be explained in terms of the contact pressure. (4) It was confirmed by experiment and analysis that the volumes of wear near the two pin ends differ significantly when the pin deviates from the perpendicular.
In the future, the authors are going to investigate the measures for decreasing the wear between pin and bush. Although the hardness of pin, bush and roller is provided as combating wear (7) , the authors wish to realize to decrease the wear by changing lubricant agent and the shape of pin or bush.
